ABSTRACT SYPHERD, PAUL S. (University of California, San Diego). Formation of ribosomes from precursor ribonucleoprotein particles. J. Bacteriol. 90:411-417. 1965.-Amino acid deprivation of a "relaxed" mutant leads to the accumulation of ribonucleoprotein particles. The possibility that these particles are equivalent to normal ribosome precursors was investigated. This was accomplished by determining the fate of such particles after the termination of starvation, and subsequent growth. It was found that both the nucleic acid and the protein moieties of the "relaxed" particles were converted to mature ribosomes during the recovery phase. From kinetic measurements with "relaxed" particles and normal ribosome precursors, it was shown that they were metabolically indistinguishable. It was concluded that the ribonucleoprotein "relaxed" particles accumulated by the relaxed mutant are immature ribosomes, and equivalent to ribosome precursors which occur under normal growth conditions. A previous report (Sypherd, 1965) 
A previous report (Sypherd, 1965) has shown that when a relaxed (RCrel) mutant of Escherichia coli is deprived of an essential amino acid, ribonucleoprotein (RNP) particles accumulate as the result of the overproduction of ribonucleic acid (RNA). As a group these particles, with nominal S-values of 20, 30, anld 45, were shown to be less than 30%0 protein. A similar protein content has been reported for RNP which accumulates in bacteria treated with chloramphenicol (Nomura and Watson, 1959) . Both relaxed starvation and chloramphenicol treatment are characterized by the continued synthesis of nucleic acid in the absence of net protein synthesis.
The suggestion has been made by others that the RNA formed during relaxed starvation (Dagley, Turnock, and Wild, 1962) and during chloramphenicol treatment (Nomura and Watson, 1959 ) is present in a form similar to natural precursors of ribosomes. With the aim of studying the biochemical events in ribosome formation, an attempt was made to ascertain the physiological significance of the RNP particles accumulated during relaxed starvation. The possibility that "relaxed particles" are natural intermediates in the formation of ribosomes has been investigated by studying precursor relationships between the particles and mature ribosomes. This was accomplished by determining the fate of the relaxed RNP particles in cells recovering from I Present address: Department of Microbiology, University of Illinois, Urbana. amino acid deprivation. During the course of the experiments, Nakada, Anderson, and Magasanik (1964) reported on the fate of the nucleic acid formed during relaxed starvation. Their findings have been verified and extended to include the entire RNP particle.
MATERIALS AND METHODS Bacterial strains, media, and biochemical methods are described in the accompanying paper (Sypherd, 1965) .
RESULTS
The characteristics of general RNA and protein synthesis during amino acid starvation and subsequent growth are shown in Fig. 1 . After termination of the starvation period, the culture experiences a lag in the resumption of growth prior to attainment of exponential growth. In contradistinction to the relaxed mutant, amino acid auxotrophs which carry the RC allele in the wild-type (stringent) state do not continue to synthesize RNA when deprived of the required amino acid. In addition, there was immediate resumption of growth after the addition of amino acid to the stringent auxotroph (Fig. 2) .
It was not immediately clear why amino acid deprivation of the RCrel organism, and concomitant RNA accumulation, induced the lag in growth after the termination of starvation. However, the lag seemed to be related to the accumulation of RNA. This was shown by use of a The growth-lag period provided an opportunity to study the fate of the RNA which was accumulated during amino acid deprivation. The stability of relaxed RNA after termination of the starvation period was examined. Nucleic acids formed during starvation were labeled with uracil-C'4 and recovery from starvation was accomplished in the presence of an excess of uracil-C'2 and cytosine-C"2. The method used to transfer cells from deficient to complete medium also removed the existing radioactive uracil pool (see Sypherd, 1965) . The pools were then quickly repopulated with nonradioactive molecules, which provided a trap for C'4 pyrimidines derived from any RNA breakdown. There was essentially no dilution of radioactivity in acid-insoluble material when recovery took place in nonradioactive medium (Fig. 3) .
The distribution of relaxed RNA among ribonucleoprotein particles was demonstrated in a previous paper (Sypherd, 1965) . The fate of these particles during recovery and subsequent growth was examined by isotopically labeling the RNA formed during starvation, and allowing recovery to occur in the absence of radioactive isotope. The times at which samples were taken for zone centrifugation analyses are shown in Fig. 4A . Figures 4B, C, D , and E show the redistribution of the RNA residing in relaxed particles. It is clear from these analyses that the lighter relaxed particles undergo gradual shifts in size, until after about 80 min, the radioactivity profile closely follows the optical density of native 70S, 50S, and 30S ribosomes (Fig. 4F) for sucrose-gradient analyses at intervals after the exhaustion of the uracil-H3. The H3 label was incorporated into regions of the gradient occupied by relaxed particles (Fig. 7A ). Analyses at subsequent times showed that relaxed RNA and the nucleic acid formed under stringent conditions were converted to 70S ribosomes at the same rate. This was judged from the constancy of the ratio of C14-H3 appearing in the 70S region and leaving the region occupied by relaxed particles (Table 2 and Fig. 7B ). These data show that the biochemical events involved in the conversion of precursors to ribosomes occurred with an equal probability for both the relaxed RNP particles (labeled with C14) and the "natural" precursor particles (labeled with H3) formed during stringent growth. Thus, in a metabolic sense, the two particle forms are indistinguishable. The incorporation of uracil-H3 into the same peaks occupied by relaxed particles does not represent a completion of relaxed RNA molecules, since these molecules are already the size of RNA's from complete ribosomes (Sypherd, 1965) . Moreover, the newly synthesized "stringent" RNA is also of the 16S and 23S variety (unpublished data).
A second set of experiments bears on the relationship of relaxed particles to the ribosome precursors formed during stringent growth. In an attempt to find whether relaxed particles would act as "trapping pools" for natural precursors, cultures of HAR (Sypherd, 1965) were starved for various lengths of time to vary the amount of relaxed material accumulated. Growth was then initiated with the required amino acid, and a 10- * A culture was starved for arginine and the relaxed RNA was labeled with uracil-C14. The starvation was terminated, and the cells were resuspended with arginine and a 15-min supply of uracil-H3. At times after the exhaustion of the uracil-H3, samples were analyzed on sucrose gradients. Radioactivity for both isotopes in the 70S and the relaxed-particle regions was used for expressing the ratios. min supply of uracil-C'4 was added simultaneously. After 10 min of incorporation, the bulk of the radioactivity was present in the same peaks occupied by relaxed particles. At later intervals, the radioactivity began to appear in the 70S region of the gradient. Therefore, the incorporation of uracil-C'4 into mature ribosomes could be used as a measure of the rate of conversion of natural precursors to ribosomes. In this case, mature ribosomes are defined as those RNP particles resistant to 2 ,ug/ml of ribonuclease at 15 C (Sypherd, 1965) . The time required for conversion of the natural precursors to ribosomes varied directly with the quantity of relaxed particles (Table 3 (see Spirin, 1963) . In the present investigation, the RNA formed during relaxed starvation was labeled with radioactive uracil. When recovery from starvation occurred in a medium containing an excess of nonradioactive uracil, there was no loss of acid-precipitable radioactivity. In addition, the total radioactivity of the soluble RNA fraction did not change during recovery. Therefore, there is no apparent degradation of relaxed RNA to the purine-pyrimidine level, or to molecular classes that sediment with soluble RNA. Although the data showed that relaxed particles were converted to ribosomes, there remained the question of whether these particles represent normal precursor stages in ribosome biosynthesis. In the absence of adequate physicalchemical criteria for answering this question, the kinetic behavior of these particles in vivo was compared with that of precursor RNA particles formed under stringent conditions. These experiments showed that "natural" precursors (i.e., the RNA synthesized under stringent conditions during recovery from starvation) passed through the same particle stages as relaxed RNA. In addition, the accumulated relaxed particles acted as effective trapping pools for those RNP particles made during recovery. The data further showed that both relaxed particles and natural precursor particles were converted to ribosomes on the basis of a random selection of both particle types. These observations, together with the fact that relaxed particles have nominal S-values similar to those of natural precursor particles (Boezi et al., 1961) , make rather compelling the conclusion that relaxed RNP particles represent true precursor stages in the formation of mature ribosomes, and are themselves immature ribosomal particles.
Studies with the relaxed mutants, together with the studies of accumulation of RNP particles during treatment with chloramphenicol (Nomura and Watson, 1959) , puromycin (Dagley et al., 1962) , and 5-fluorouracil (Boezi et al., 1961) , pose an interesting problem in the control of ribosome formation. Despite the severe restriction on protein synthesis in these situations, it would seem that some completed ribosomes should appear during the accumulation period. Yet, at no time during the starvation of a relaxed mutant are there precursor particles sufficiently mature to dimerize and form 70S units. This is judged from the fact that uracil-C'4 radioactivity appearing in the 70S region during starvation does not sediment with the 50S and 30S subunits when the 70S particles are dissociated in low Mg++. It would seem, then, that there exists a feedback mechanism, involving ribosomes, to regulate the rate of ribosome formation. This mechanism would function separately from the regulation of RNA synthesis, since the latter system is bypassed mutatioinally in the case of the relaxed mutant. Certain parameters of ribosomal protein synthesis are presently being studied, in an attempt to learn what, if any, role these events play in the regulation of ribosome formation.
